The structural phases observed in LiKSO 4 crystals due to thermotropic transitions have been studied for more than a century. Nowadays many different phases are referenced, but some of the results are still controversial. Structural studies by single-crystal X-ray diffraction from room temperature to 803 K are presented here. Phase II (708`T`943 K) is extensively discussed on the basis of ordered and disordered models, using harmonic and anharmonic atomic displacements, and considering a twinned crystal composed of three orthorhombic domains. Analyses of the same phase at different temperatures determine the best structure model.
Introduction
LiKSO 4 , lithium potassium sulfate, crystals present a rich sequence of phase transitions over a large temperature range from 30 K up to almost 943 K. The ®rst publication on this compound describes a phase transition at high temperature giving rise to a multi-domain structure (Wyrouboff, 1890); some years later Nacken (1907) determined this transition temperature value as 708 K. Since then a great number of scienti®c works have been dedicated to this compound using different experimental techniques and varying theoretical approaches. Nevertheless, some of the conclusions stated in the literature are still controversial.
The ®rst structural results of the room-temperature phase (III) were obtained from X-ray powder diffraction (XPD) and the symmetry determined to be P6 3 (Z = 2; Bradley, 1925) . All the atomic positions except those of lithium could be determined. Using single-crystal X-ray diffraction (SCXD) results, Chung & Hahn (1972 , 1973 detected a disorder of the anions on the trigonal axis. More recently, Karppinen et al. (1983) re®ned the structure in P6 3 (Z = 2) assuming that their samples were twinned by l and d domains and using anharmonic vibrations for the O atoms. Bhakay-Tamhane et al. (1984) performed neutron diffraction at room temperature and concluded that the structure could be better described using models of disorder. Furthermore, they showed that a re®nement on a multi-domain model with P2 1 symmetry is numerically equivalent to the re®nement in P6 3 . Using probability density function (PDF) analysis at different temperatures in the room-temperature phase, Schulz et al. (1985) proposed a structural model consisting of unresolved static disorder superimposed to a signi®cant anharmonic vibration of the O atoms.
Above room temperature LiKSO 4 crystals present at least two phase transitions. Using XPD and single-crystal neutron diffraction experiments Li (1984) postulated the existence of a fourfold superstructure (Z = 8) above 712 K with symmetry P6 3 and a possible modulated incommensurate phase between 743 and 943 K. In this phase the value of the wavevector q would linearly decrease with increasing temperature with q823 K 0X496 2 and q743 K 0X500 2. Sankaran et al. (1988) analyzed the conclusion obtained by Li (1984) and stated that the experimental results could be interpreted assuming a model of twinned orthorhombic domains with symmetry Pmcn or P2 1 cn and Z = 4. Using XPD Pietraszko (1988) con®rmed the symmetry Pmcn in the temperature range 743±935 K (phase II), as well as the hexagonal symmetry P6 3 ammc above 935 K (phase I). Ventura et al. (1996) found a twinning domain structure between 708 and 943 K by performing SCXD under uniaxial pressure. This work also suggested the possibility of a modulated phase in this temperature range. Scherf et al. (1997) , using polarization microscopy on thin LiKSO 4 single-crystal plates, studied the domain structure growth during the III 6 II transition and con®rmed the orthorhombic character of phase II. Many publications, e.g. Borisov et al. (1994) using acoustic wave propagation and Zhang et al. (1998) using IR spectroscopy, reported anomalies in their experiments near 740 K. However, only Li (1984) has claimed a symmetry change in the LiKSO 4 structure at this temperature.
Considering the most consistent results found in the literature, the phase transition sequence of LiKSO 4 can be summarized as indicated in Fig. 1 .
In the present work the crystal structure of LiKSO 4 in phase II is discussed on the basis of SCXD results. The proposed model consists of three types of orthorhombic domains, oriented at 120 to each other. The possible modulated character of this phase is not taken into account and all the collected intensities are interpreted as main re¯ections. Models considering structural disorder and including harmonic and anharmonic atomic displacements are discussed.
According to Bachmann & Schulz (1984) , Schulz et al. (1985) and Kuhs (1988) , a differentiation of the static versus dynamic character of a disordered crystal (split atomic positions versus anharmonicity) can be obtained by comparing, within a single phase, the structural results at different temperatures. Analysis of the Fourier transform of thermal parameters and PDF (probability density functions), and analysis of the average potential energy of an atom in the crystal fVr V o r À kT lnPDFrg, termed the one particle potential (OPP), can reveal the character of the disorder. In order to check the static versus dynamical character, data were collected at two temperatures in phase II, 723 and 803 K. In addition, differences between the structure below and above 743 K were sought.
Experimental
LiKSO 4 crystals can present a number of possible merohedral and pseudo-merohedral twins at room temperature (Klapper et al., 1987) , some which are not detectable by optical analysis. Suitable samples for the study of phase II were selected through re®nements of the room-temperature crystal structure. Only samples with a twin volume ratio close to zero were used. SCXD experiments have been performed using Mo K radiation. Data were collected at room temperature, 573, 723 and 803 K using hexagonal samples obtained by evaporating a solution containing water and LiKSO 4 at 333 K. The diffraction experiments were performed using a Stoe-IPDS 1 diffractometer equipped with an image-plate detector. The samples were heated by a 2 l min À1 dry air¯ow controlled by an Enraf±Nonius apparatus; the temperature stability was greater than 1 K. Programs of the Stoe-IPDS suite were employed to transform the images into integrated intensities. Lattice parameters were determined using 1668, 1525 and 1469 re¯ections for the measurements performed at 573, 723 and 803 K, respectively. Table 1 summarizes the data collec- Summary of phase transition sequence in LiKSO 4 at high temperatures. The use of the high-temperature apparatus in the Stoe-IPDS 1 diffractometer caused some geometrical limitations during data collection. As a consequence, the maximum resolution achieved was 0.701 A Ê (2 max 60X9 ). The presence of incommensurability in phase II was not investigated. Using the value of q 9 0X49 mentioned in the literature, the re¯ection position should be determined with a precision higher than 0.01 in the indices, which was not possible with the imageplate detector. Further data treatment, including structure solution and re®nement, was performed using JANA98 (Petr Ïõ Âc Ïek & Dus Ïek, 1998) . The function wRF 2 was re®ned using full-matrix least-squares.
Reciprocal space symmetry
The LiKSO 4 reciprocal space was reconstructed using the SPACE program (Stoe & Cie, 1996) . The transition from phase III to phase II is clearly seen from the analysis of the hk0 and hk1 planes; Fig. 2 shows a representation of these planes. It can be observed that the hexagonal lattice parameters a Ã h and b Ã h of the room-temperature phase do not index all the re¯ections at 723 and 803 K. A re®nement of 1281 re¯ections measured at 723 K in a hexagonal lattice gives a H h = 10.530 (5) and c H h = 8.684 (4) A Ê and thus a H h (723 K) 9 2a h (room temperature). It seems that a similar approach led Li (1984) to propose a superstructure for phase II.
It is worthwhile to point out that no reasonable hexagonal space group is consistent with the observed systematic absences above 708 K; moreover, one must consider the existence of the domain structure as stated by Ventura et al. (1996) and Scherf et al. (1997) . Thus, the LiKSO 4 reciprocal space above 708 K can be satisfactorily indexed using the three orthorhombic domains rotated 120 with respect to each other, around the c axis. The observed systematic absences are consistent with space groups Pmcn or P2 1 cn. No splitting was observed for any re¯ection in the experiments using Mo K and an image-plate detector, indicating a case of twinning by pseudo-merohedry. The broader re¯ections observed in the diffraction pattern shown in Fig. 2 are consistent with the diffuse scattering discussed by Welberry & Glazer (1994) .
Crystal structure of phase III
According to Schulz et al. (1985) , LiKSO 4 crystals could be described in space group P6 3 with an ordered structure from room temperature to 708 K. However, PDF and OPP analyses revealed that the O atoms are statically disordered and additionally present strong anharmonic vibrations. The structure should rather be described considering a libration of the O 4 group around the S atom. Above 400 K the lithium atoms also undergo anharmonic vibrations. Karppinen et al. (1983) , Bhakay-Tamhane et al. (1984) and Klapper et al. (1987) veri®ed that LiKSO 4 samples are frequently naturally twinned comprising two types of domains with a common [110] axis, one being l and the other d. Such a twinning law cannot be identi®ed by optical analysis. Only a complete re®nement of the structure can reveal the presence of twinned domains. A set of eight samples has been investigated in the search of a monodomain crystal using the re®nement of the domain volume ratio as a guideline. The selected sample presented a ratio of 0.000 (2):1.000 (2) and was used in all the hightemperature SCXD measurements. The results obtained by Schulz et al. (1985) have been fully reproduced with a data set collected at 573 K, thus assuring a good sample quality.
The agreement parameters obtained for the adjustment of the 396 unique re¯ections measured at 573 K are R 0.0226, wR 0.0273 and S 2.31. Re®ning the 363 observed Reciprocal planes hk0 and hk1 in 573, 723 and 803 K. Reconstruction with SPACE (Stoe & Cie, 1996).
1 Supplementary data for this paper are available from the IUCr electronic archives (Reference: CA0003). Services for accessing these data are described at the back of the journal.
[I ! 3'I] re¯ections the agreement parameters are R = 0.0205, wR = 0.0272 and S = 2.42. A total of 40 structural parameters were re®ned and no signi®cant peaks were found in the ®nal difference-Fourier map. The atomic displacements of the Li and two O atoms were described by third-order tensors in the Gram±Charlier expansion (Willis, 1969; Zucker & Schulz, 1982a,b; Kuhs, 1988 ). An ab plane projection of the PDF map for Li and O1 atoms is shown in Fig. 3 . Both atoms present a signi®cant trigonal distortion. The numerical results obtained in the re®nements (Table 4) show that U 11 (O1), U 22 (O1) and U 33 (O2) components are larger than the others. This means that the vibration amplitudes are greater in the directions perpendicular to the OÐS bond, indicating a signi®cant librational movement of the O4 tetrahedra around the S atom at 573 K. An ab projection of the unit cell is shown in Fig. 4 . The atomic parameters are listed in Table 4 .
Structure determination and refinement of phase II
The resulting domain volume ratio (0:1) in the re®nement of phase III guarantees that the studied sample has one unique domain in the room-temperature phase. Therefore, any evidence of twinning above 708 K is a pure consequence of the phase transition III 3 II. The starting model for the structure solution of phase II considered the crystal as being composed of three orthorhombic domains (Ventura et al., 1996) with symmetry Pmcn or P2 1 cn.
The initial potassium, sulfur and lithium atomic positions in the orthorhombic system were derived from the coordinates of phase III, hexagonal P6 3 . In Pmcn they are on the mirror plane, but on general positions in P2 1 cn. Difference-Fourier maps calculated with these atoms in both space groups revealed degenerated maxima in the expected oxygen positions, evidencing though a positional disorder for the O 4 group. One example can be seen in Fig. 5 . This result suggests using disordered models to re®ne the structure. The static or dynamic character of the disorder was investigated through the OPP analysis of the different O atoms in each temperature studied.
5.1. Models used in the refinement of the structure at 723 and 803 K The models presented in this section were studied in space groups Pmcn and P2 1 cn using 1066 and 2130 unique re¯ections, respectively, for data obtained at 723 K, and 1095 and 2134, respectively, for data obtained at 803 K. Four different models have been considered: an ordered model (ORD), an PDF perpendicular to c for Li and O1 at 573 K, phase III. The same scale is used for both atoms. h and o subscripts designate directions in the hexagonal and orthorhombic cells. is the angle between the AB side of the triangle and a h Figure 4 The structure of phase III (573 K) shown in projection onto the ab plane. An orthorhombic unit-cell transformation is also represented. Ellipsoids represent 50% probability density.
Figure 5
Difference-Fourier map around the S atom in the c direction, at 723 K. K, S, Li and O1 atoms contributed to the structure-factor calculation. ordered model with anharmonic atomic displacements (ANA) and two disordered models A and B (DisA, DisB).
In the ORD model, a unique regular SO 4 tetrahedron was re®ned; the anisotropic displacement factors were described by second-rank tensors, i.e. only harmonic displacements were considered. A second model used in the re®nements (ANA) considers an ordered structure in which the vibrations of the O atoms are described by third-order anharmonic tensors in the Gram±Charlier expansion. The same procedure as for phase II (see x4) was used in order to verify whether the conclusions regarding the anharmonic vibrations obtained in the structure analysis of phase III can be extended to phase II. Finally, the last two models aim at testing the possibility of disorder in the SO 4 tetrahedra orientation. A schematic view can be seen in The two disordered models used in the phase II re®nements. (a) DisA model: two tetrahedra share the apical oxygen O1; (b) DisB model: two completely independent tetrahedra related by the m x symmetry element [(i) 3 2 À xY yY z]. are split, and even splitting of the S atom was considered; the disorder consists of a rotation of the SO 4 group.
Refinement analysis
Both space groups Pmcn and P2 1 cn have been considered in all the proposed re®nements. Attempts to re®ne the extinction parameter did not lead to physically acceptable values (Becker & Coppens, 1974a,b) . Absorption corrections did not change the ®nal results ["(Mo K) = 1.65 mm À1 ]. In models DisA and DisB two twin-volume ratio parameters were re®ned. The agreement parameters are shown in Table 2 . Despite the increase in the number of re®ned parameters for space group P2 1 cn, the results obtained for Pmcn are systematically better in all models. Moreover, it was not possible to separate the non-centrosymmetric sub-domains in the original set of data and therefore not possible to calculate the Flack parameter (Flack, 1983) . As a consequence, only the results obtained for Pmcn will be considered in the following discussions, assuming the higher symmetry for the crystal structure description.
The quality in the ®tting of the different models can be considered by analysing the values of R for data obtained at 723 K as a function of sin a! and lnF o . In Figs. 7(a) and (b) it can be seen that the ORD model presents the higher R value in the entire measured range. The strong re¯ections are almost Table 3 Distances (A Ê ) in 573, 723 and 803 K for each re®ned model.
The superscripts indicate symmetry elements in each space group. SÐO distances were corrected according to rigid-body motion, i.e. considering the difference in the U ij components projected along the SÐO bond direction.
Uncorrected
Corrected Ord Ord (1) 1.435 (7) 1.405 (8) 1.57 (2) 1.66 (4) 1.56 (2) 1.52 (2) SÐO3 1.350 (4) 1.289 (7) 1.33 (2) 1.28 (1) 1.50 (1) 1.47 (2) 1.43 (3) 1.45 (3) SÐO4 1.40 (2) 1.401 (6) 1.57 (4) 1.51 (2) LiÐO1 i 1.863 (7) 1.974 (9) 1.913 (6) 1.990 (6) LiÐO2 1.864 (7) 1.86 (1) LiÐO2 (2) 1.927 (7) 803 K SÐO1 1.454 (7) 1.095 (9) 1.418 (6) 1.415 (7) 1.76 (2) 1.46 (4) 1.67 (2) 1.60 (2) (8) Symmetry codes: (i) xY 1 2 À yY À 1 2 z; (ii) 2 À xY À 1 2 yY 3 2 À z; (iii) 1 À xY À 1 2 yY 3 2 À z; (iv) 3 2 À xY yY z; in space group Pmcn. equally adjusted in all the models, while for the weak and lowangle re¯ections, DisB and ANA models give remarkably lower R values. It can be concluded that the global results listed in Table 2 are not biased. The twin volume ratio V1:V2:V3 is essentially the same in the three models [0.629 (8):0.094 (2):0.277 (5) for 723 K and 0.63 (1):0.088 (3):0.288 (6) for 803 K]. According to Ventura et al. (1996) , a uniaxial pressure can induce domain reductions in the crystal depending on the force direction. In the sample preparation for the X-ray diffraction experiments the single crystal was ®xed to a glass ®ber with organic cement, which might have interfered in the original twin growth ratio. Thus, the V1:V2:V3 values contain characteristics of the experiment and do not necessarily express the intrinsic twin volume ratios.
The oxygen U ij values obtained in phase II are generally high, but this is also observed in the results obtained for similar compounds at similar temperatures (RbLiSO 4 : Steurer et al., 1986 ; Na 2 SO 4 : Naruse et al., 1987; Na 2 SO 4 : Tanaka et al., 1991) . Re®nements in space group P2 1 cn did not improve these values. It might be emphasized that large anisotropic displacement components for the O atoms were observed by Zhang et al. (1988) for LiKSO 4 crystals even at 200 K. This means that the effective potential for the O atoms is large in a wide temperature range, thus contributing to the enlargement of the thermal amplitudes. Taking into account that the components of the anisotropic displacement parameters of oxygen perpendicular to the SÐO bonds are greater than along the bond as observed in phase III, the large oxygen U ij can be associated with a rigid libration of the O atoms around Table 4 Atomic parameters re®ned in the space group Pmcn at 723 and 803 K.
x, y and z represent fractional coordinates, while U ij and U eq are given in A Ê 2 . M: multiplicity; a: occupation; U eq U 11 U 22 U 33 a3. the sulfur. The smaller experimental resolution achieved in phase III does not allow a discussion concerning thermal parameters for the lithium as it was performed in phase II. The interatomic SÐO distances calculated from the re®ned atomic positions are systematically smaller than the expected values. However, the correction for libration 3 d c d1 l (Johnson, 1969 (Johnson, /1970 Schefer et al., 1998) in the DisB model leads to acceptable results (Table 3) .
Careful analysis of the oxygen thermal parameters shows a distinct evolution for the U ii components in each re®ned model. In general, the DisB model presents the smallest values for the U ii components perpendicular to the SÐO bond at both temperatures. The U eq values for the O1 atom obtained for each model are represented in Fig. 8 . The solid triangles correspond to the values obtained by Schulz et al. (1985) in phase III, which are similar to the results obtained in the present work (the 293 K structure re®nements are not discussed here). As a consequence of the large discontinuity in the U eq values owing to the phase transition, a linear extrapolation to 0 K cannot be used to distinguish the static versus dynamical character of the disorder as proposed by Schulz et al. (1985) . Such an extrapolation gives negative values for all the models, except DisB for which U eq (T = 0 K) = 0.0167 A Ê 2 .
The libration amplitude calculated for the O1 atom shows an abrupt variation at the III 6 II transition. In each range of investigated temperatures the changes in the libration amplitude Ál are much smaller than at the transition. The variation of Ál between 273 and 573 K and between 723 and 803 K is $ 2 . In the transition temperature range between 573 and 723 K, Ál 9 13 . The phase transition is thus clearly characterized by a jump in the SO 4 group libration, and thus restrains in the LiÐO bonds are relaxed during the phase transition.
Oxygen PDF maps are drawn in Fig. 9 . It can be easily seen that bond constraints in the O atoms lead to small displacements in the OÐK and OÐS bond directions. The libration of the O atoms is evidenced by the spreading of the density in a direction almost perpendicular to OÐS. In the ANA model, the maximum PDF (minimum OPP) for the O atoms does not coincide with the re®ned atomic positions. The calculated OPP for the O1 atom is plotted in Fig. 10 . The abscissa indicates the variation between the re®ned O1 position and the position of the OPP minimum. This corresponds to distinct directions for each temperature. At 723 and 803 K the maximum PDF position is 0.17 (1) and 0.32 (1) A Ê , respectively, away from the re®ned O1 coordinates, and 1.4864 (7) and 1.418 (1) A Ê , respectively, from the S atom. For phase III, Schulz et al. (1985) interpreted similar results as a consequence of a static disorder with unsplit atoms.
Based on the numerical results of the re®nements (R, wR, S etc.), the process of mapping atomic electron density using anharmonic thermal tensors or using split atomic positions are equivalent. Therefore, the agreement parameters of the crystallographic re®nements cannot be used as a unique indicator to choose the best model. According to Bachmann & Schulz (1984) and Kuhs (1988) , an indirect way to distinguish between split static disorder and anharmonicity is to determine the dependence of the OPP on temperature: a temperature-dependent potential indicates the existence of static disorder. Fig. 11 shows the OPP in the OjÐK i bond directions (i and j run over different atoms). The potential was calculated using the anisotropic displacement parameters re®ned in the ANA model. It can be seen that the oxygen OPP is qualitatively different at different temperatures within the same structural phase, corroborating the existence of static disorder. With this additional result it can be concluded that the LiKSO 4 structure in phase II presents static (or split) disorder.
Discussion
Considering the agreement parameters obtained in the structural re®nements, the corrected SÐO distances in the SO 4 group, the behavior of the anisotropic displacement parameters and consequently the behavior of the libration and the effective OPP for the O atoms, it can be concluded that the DisB model best describes phase II. Atomic parameters of the DisB model at 723 and 803 K are listed in Table 4 . In order to analyse the structural differences between phase III (573 K) and phase II (723 K), different projections of the LiKSO 4 unit cell are shown in Fig. 12 . The hexagonal axes of phase III were transformed to the orthorhombic axes of phase II (a o = 2b h + a h ; b o = b h ;c o = c h ). The lattice parameters were rescaled and a common origin on the K atom was chosen, thus only one potassium (K III in 573 K and K II in 723 K) presents a relative displacement during the transition. These changes allow a direct comparison of the relative atomic positions. In the bc plane projections it can be easily seen that two of the SO 4 groups invert the orientation of the apical oxygen relative to c from phase III to phase II. As a consequence, remarkable movement of the K, S and Li atoms occurs. The distance between K III and K II is 0.825 A Ê , between Li III and Li II 1.331 A Ê and between S III and S II 0.860 A Ê .
The ab projections in Fig. 12 show that in each unit cell of LiKSO 4 in Pmcn symmetry only the SO 4 groups near ( 1 2 , y, z) and ( 1 2 , y, z + 1 2 ), which are second neighbors in different basal planes, invert the orientation when compared with phase III. Of course, owing to the P6 3 symmetry, two equivalent sets of SO 4 groups induce a threefold degeneracy, which leads to the observed threefold twinning.
Considering the physical properties and symmetry changes, the III 6 II transition in LiKSO 4 can be considered as a reconstructive phase transition. In a theoretical study on A 2 XO 4 compounds, Luk'yanchuk et al. (1998) proposed that the orientation of the XO 4 groups is determined by dipolar interactions between the ®rst neighbors in the same basal plane, and the ®rst and second neighbors of the nearest basal planes. Their results indicated antiferro-like interactions between the ®rst XO 4 neighbors in the plane and an angular dependency with = arctg(c/3 1/2 a) for the character ferro/ antiferro for the interaction of the out-of-plane neighbors. A simpli®ed calculation performed using only two tetrahedra groups showed that the interaction is antiferro if caa`1X63 and ferro if caa b 1X63. In LiKSO 4 the caa ratio decreases monotonically from 1.679 at 290 K to 1.648 at 723 K, i.e. $ 1X65 at the transition point. These results show quite a good agreement between theory and experiment.
Observing Fig. 12 it can be seen that in the phase III 3 phase II transition the Li atoms move in a direction almost parallel to c and that the two SO 4 groups rotate around an axis approximately parallel to a (c and a directions are common to both phases). The rotation direction was determined after Fig.  3 , where the angle (À4.5 ) is the deviation in the orientation of the trigonal oxygen atom (O1) from the hexagonal basal axis. It can be shown that a rotation of 69.8 , in addition to a re¯ection m x intersecting the ordered SO 4 group, reproduces the structure of the disordered phase II (Fig. 13 ). In this rotation the basal oxygen O2 2 of phase III is transformed in the apical oxygen of phase II.
The analysis of the structural results of phase II is facilitated by decomposing the disorder in the SO 4 groups in two types of displacements, as indicated in Fig. 6(b) . A tilt is associated with the angle 9 between O1ÐSÐO1 i [(i) 3 2 À x, y, z]. It shows the deviation of the apical oxygen from the c axis. A twist described by the rotation 1 of the tetrahedra around an axis parallel to the O1ÐS (or the equivalent O1 i ÐS) direction can be measured by the angles between O4ÐSÐO4 i or O2ÐSÐO3 i . The distances between the O atoms and/or the values of 9 and 1 are temperature dependent. Table 5 presents a selection of the calculated distances and angles at 723 and 803 K and a linear extrapolation of these values to 943 K (phase II 6 I transition temperature). The high-temperature structure (phase I) is usually described in space group P6 3 ammc, isomorphic to -K 2 SO 4 , in a disordered model in which the SO 4 groups are statistically oriented up and down with respect to c. As previously mentioned, 9 9 70 would be suf®cient to cause an inversion of OPP around the O atoms at 723 (dashed lines) and 803 K. (a) O1ÐK direction, (b) O2ÐK i direction and (c) O3ÐK ii direction. Symmetry codes: (i) xY 1 2 À yY À 1 2 z; (ii) 1 xY 1 2 À yY À 1 2 z.
Figure 10
OPP for O1 in the link direction O1±minimal of the potential. Directions are distinct for each temperature: r = (0.0117b À 0.0142c) at 723 K; r = (0.0068b À 0.0356c) at 803 K.
the SO 4 unit in relation to c, allowing one of the Oj (j = 2, 3 or 4) atoms to occupy the O1 apical position in the tetrahedra. In Table 5 the values extrapolated to 943 K are smaller than 70 . However, transition phase II 6 I is of a second-order type (without discontinuity) and it can be concluded that from 803 to 943 K a non-linear variation of the 1 angle occurs. This hypothesis is corroborated by a number of experiments where physical properties behave in a similar way: e.g. Pietraszko (1988) by studying thermal expansion coef®cients and Pimenta et al. (1989) by studying electrical conductivity. During the III 3 II phase transition the SO 4 tetrahedra rotates around an axis almost parallel to a h (or a o ). In phase II the 9 angle characterizes a rotation of the SO 4 group around the b o axis, which increases with temperature. This indicates that the dynamical behavior of the SO 4 group is different during the III 6 II and II 6 I phase transitions.
Conclusions
In the present work the existence of modulation in phase II of LiKSO 4 crystals was not considered owing to the limitation of the experimental resolution. Possible satellite re¯ections (q 9 0X49) were included as the main re¯ections in the structure re®nements. According to the present analysis, phase II consists of three types of orthorhombic twinned domains, with Pmcn symmetry, oriented at 120 to each other. Attempts to re®ne the structure using ordered models gave unsatisfactory results. Disordered models based on anharmonic thermal vibrations (ANA) and split atomic positions (DisB) converged to similar numerical results. The OPP curves obtained from thermal anharmonic parameters for the O atoms are temperature dependent, indicating that the disorder has a static character and that it is not only a numerical artefact used to describe molecules moving with large libration amplitudes. The static disorder in phase II of LiKSO 4 must be understood as a low-frequency (( 10 18 Hz) hopping of atoms between the two sites.
By analysing the agreement parameters, the difference-Fourier maps, the thermal evolution of anisotropic displacements and considering mainly the conclusions based on the OPP results, model DisB best describes the structure of phase II. In this phase, the superposition of the PDF maps for O1 and O1 i [(i) 3 2 À xY yY z] obtained using the DisB model has a similar shape to that observed in the PDF map in phase III
Figure 12
LiKSO 4 projection along lattice basis vectors. For the sake of comparison the hexagonal structures (phase III) are described in the orthorhombic system. O are represented by dashed circles, Li by open circles, K by shaded circles and S by dotted circles.
Figure 13
Rotation direction of the SO 4 group in the phase III 6 II transition. h and o subscripts designate directions in the hexagonal and orthorhombic cells. The basal oxygen O2 ii [(ii) ÀyY x À yY z] in phase III (a) is transformed in the apical oxygen in phase II (b) by a rotation of the SO 4 unit around the indicated axis. Applying m x in (b) one can generate the disordered structure observed in phase II. In order to better visualize the rotation direction À4X5 is exaggerated here. Table 5 Distances (A Ê ) and angles ( ) quantifying the disorder degree in LiKSO 4 at 723, 803 and 943 K. (trigonal distortion as seen in Fig. 3 ). This similarity can be explained by assuming the same type of disorder in both phases and that the split could not be properly evidenced in phase III. The analyses of the data obtained at 723 and 803 K show no signi®cant difference in the structure, except for the degree of disorder. The disordered model used in the description of phase I can be interpreted in terms of an increase in the tilting of the SO 4 groups observed on phase II; the equivalent but non-identical tetrahedra in phase II (Pmcn pseudo-hexagonal symmetry) would became identical after the transition leading to symmetry P6 3 ammc.
